Abstract Numerical simulations of scalar transport in neutral flow over forested ridges are performed using both a one-and-a-half order mixing length closure scheme and a large-eddy simulation (LES). Such scalar transport (particularly of CO 2 ) has been a significant motivation for dynamical studies of forest canopy -atmosphere interactions. Results from the one-and-a-half order mixing length simulations show that hills where there is significant mean flow into and out of the canopy are more efficient at transporting scalars from the canopy to the boundary layer above. For the case with a source in the canopy this leads to lower mean concentrations of tracer within the canopy, although they can be very large horizontal variations over the hill. These 
variations are closed linked to flow separation and recirculation in the canopy and can lead to maximum concentrations near the separation point which exceed those over flat ground. Simple scaling arguments building on the analytical model of Finnigan and Belcher (2004, Q. J. Royal Meteorol. Soc. 130:1-29) successfully predict the variations in scalar concentration near canopy top over a range of hills. Interestingly this analysis suggests that variations in the components of the turbulent transport term, rather than advection, give rise to the leading order variations in scalar concentration.
The scaling arguments provide a quantitative measure of the role of advection, and suggest that for smaller / steep hills and deeper / sparser canopies advection will be more important. This agrees well with results from the numerical simulations.
A LES is used to support the results from the mixing-length closure model and to allow more detailed investigation of the turbulent transport of scalars within and above the canopy. Scalar concentration profiles are very similar in both models, despite the fact that there are significant differences in the turbulent transport, highlighted by the strong variations in the turbulent Schmidt number both in the vertical and across the hill in the LES which are not represented in the mixing length model.
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Introduction
In recent years there has been significant interest in the dynamics of forest canopyboundary layer interactions over complex terrain. A significant motivation for this work has been to understanding advective effects in flux measurements (notably CO 2 ) over forest canopies and to improve the flux estimates as a result (see Finnigan, 2008, 3 and other papers in the same invited feature). The analytical work of Finnigan and Belcher (2004) has been an important step in understanding these dynamics. Finnigan and Belcher (2004) extended the linear theory of Hunt et al. (1988) for neutral flow over a hill to include the effects of a forest canopy. They demonstrated the ubiquity of flow separation in deep canopies. The analytical solutions break down for small hills when advection at canopy top became comparable to the perturbation shear stress divergence at leading order. Subsequent numerical simulations by Ross and Vosper (2005) using a one-and-a-half order turbulence closure scheme demonstrated that in these cases vertical advection at canopy top is important at leading order. Streamlines show flow into the canopy over the upwind slope and out of the canopy just downwind of the hill crest. This led to a feedback between the canopy flow and the larger scale pressure field over the hill, with a subsequent downwind shift in the surface pressure field, an increase in pressure drag and a downwind shift in the maximum near-surface speedup over the hill. Similar conclusions were drawn from large-eddy simulations (LES) of flow over a small hill (Ross, 2008 ) using the same model and LES by Patton and Katul (2009) . Other large-eddy simulations (Dupont et al., 2008) have reproduced the wind tunnel experiments of Finnigan and Brunet (1995) . These large-eddy simulations do not rely on the use of a first order canopy turbulence closure scheme, which has been a topic of some debate in the literature (Finnigan, 2000; Pinard and Wilson, 2001; Katul et al., 2004) .
Experimental observations are still relatively rare, with the only significant wind tunnel study both within and above a canopy over a hill being that of Finnigan and Brunet (1995) . Recent water flume experiments (Poggi and Katul, 2007c,b,a) have provided more detailed measurements and support many of the conclusions drawn from the modelling work. They have also provided important measurements of the unsteady nature of the canopy flow, particularly in the recirculation region (Poggi and Katul, 2007a) .
The impact of this dynamical work for those measuring fluxes is summarised in the paper of Belcher et al. (2008) . From an analytical point of view, applying this theoretical work to study scalar transport has been difficult as scalar profile observations above forest do not agree with simple boundary-layer theory even over flat terrain, although some recent progress has been made here . Katul et al. (2006) have attempted to consider the impact of the dynamics on CO 2 fluxes using an ecophysical canopy model driven by a simplified analytical wind field based on Finnigan and Belcher (2004) . This demonstrates the impact that the dynamics can have on scalar concentrations and fluxes, however unfortunately the small hill and canopy they used to demonstrate the results (the same one used in Finnigan and Belcher, 2004; Ross and Vosper, 2005) violates the assumptions of the full analytical model, let alone the simplified version they adopt. Observational studies, notably the ADVEX (ADVection EXperiment) project (Feigenwinter et al., 2008) , have begun to investigate the impact of advection for flux sites. Some of these studies, for example Zeri et al. (2010) , provide qualitative support for the theoretical predictions of Finnigan and Belcher (2004) and Katul et al. (2006) . With all this in mind, there is still need for a systematic assessment of the impact of the canopy dynamics on scalar transport over hills, which this paper seeks to address.
5
While there is debate in the literature about whether first order turbulence closure schemes should be used for canopy flows, from a practical point of view they are useful. They are simple enough that they are amenable to analytical analysis (e.g. Finnigan and Belcher, 2004) and computational cheap enough to allow realistic simulations to be conducted. Studies such as Pinard and Wilson (2001) ; Katul et al. (2004) ; Ross (2008) have shown that in terms of the mean flow they produce similar results to higher order closure schemes, to large-eddy simulations and to experiments. This is principally because they correctly reproduce the canopy-top turbulence which dominates the canopy flow. They do less well in terms of representing the turbulence deep in the canopy (e.g. Ross, 2008) , but this is not significant for the mean flow since the mean velocity gradients are low in that region. In terms of scalar transport the picture is less clear. There may be significant gradients in the scalar concentration deep in the canopy depending on the sources and sinks, and hence there may be more significant errors in the turbulent scalar fluxes. There are also questions about the behaviour of the turbulent Schmidt number (the ratio of the turbulent diffusivities for momentum and scalars) within and just above the canopy (see e.g. Harman and Finnigan, 2008) .
Nonetheless the fact that first order closure schemes are amenable to analytical study allows a more complete analysis of the role of advection in scalar transport. While the results of such models may not exactly represent reality they offer a useful guide to likely different flow regimes and scalings which can be tested against observations or limited numerical results from models with more complex turbulence schemes.
Finally, since such simple models are being used practically through computational necessity, it is valuable to understand their behaviour and possible limitations and to seek ways of improving them. For these reasons this paper will primarily concentrate on first order closure models of scalar transport, although comparison will be made with a large-eddy simulation in section 5. Section 2 will describe the numerical model used here and the simulations of passive scalar transport. Section 3 will present some simple scaling arguments based on the analytical model of Finnigan and Belcher (2004) for flow over a canopy-covered hill. This provides some insight into the dominant processes controlling variations in scalar concentration and flux in the upper canopy and in the boundary layer above.
Results of the first order simulations are presented and discussed in section 4 and compared with the scaling arguments developed. Limitations of first order closure schemes are discussed, and to partly address this results from a large eddy simulation are presented in section 5 for comparison. Section 6 discusses the implications of this work for flux measurements and finally section 7 offers some conclusions and topics for further study.
Simulations of passive scalar transport

Model description
Simulations were carried out using the BLASIUS model from the UK Met Office (Wood and Mason, 1993) . The model can be run with a first-order or a one-and-ahalf order mixing length turbulence closure scheme. It can also be used for large-eddy simulations. It has previously been used in both modes for studying the dynamics of 7 flow over canopy-covered hills (Ross and Vosper, 2005; Ross, 2008; Brown et al., 2001 ).
For all the simulations presented here an idealised two-dimensional, sinusoidal, periodic hill is used with the hill surface, z s , given by
where H is the height of the hill, k = π/(2L) is the hill wavenumber and L is the The mixing length closure simulations presented in the first part of this paper were all conducted with the one-and-half order closure scheme with a prognostic equation for turbulent kinetic energy. Full details of the scheme are given in Ross and Vosper (2005) . The one-and-a-half order closure scheme requires an additional empirical parameter, β, which measures the ratio of friction velocity to mean wind at canopy top, to be specified. For most simulations this is taken as 0.3, as in Ross and Vosper (2005) and consistent with observations over real forests. This parameter controls the relationship between L c , the canopy mixing length, l, and displacement height, d, as described in Finnigan and Belcher (2004) and Ross and Vosper (2005) .
The effect of modifying β is studied in section 5 and compared to results using a LES.
In section 5 the model is used to conduct large-eddy simulations. The model setup is identical to that described in Ross (2008) , and the reader is referred to that paper for a full discussion of the requirements for a successful LES and the model setup. The requirements to adequately resolve the larger eddies in the canopy places a strong limitation on the number of cases, the canopy and the size of hills that can be 
Scalar releases
The majority of the simulations presented in the paper involve a constant uniform release rate for a passive scalar tracer within the canopy. In order to allow a steady-state is used. A one-dimensional simulation is run with the tracer concentration initially set to 1 throughout the domain. Once this simulation has reached a near-equilibrium state then the profiles are used to initialise the two-dimensional simulations. The same tracer setup is used for the large-eddy simulations described in §5 .
Scaling arguments for the importance of advection
There are four independent length scales in the problem (H, L, h and L c ). The canopy mixing length, l, is proportional to the canopy adjustment length, L c , so is not independent. These length scales give three non-dimensional parameters controlling the dynamics of flow over a forested hill, namely the hill slope, H/L, the ratio of the hill width to the canopy adjustment length scale, L/L c , and β times the canopy depth non-dimensionalised on the canopy mixing length, βh/l. Note the inclusion of the non-dimensional empirical parameter, β, is for convenience since it is this group which appears in the analytical solution for the background flow and for the perturbations over the hill in Finnigan and Belcher (2004) .
The turbulent transport equation for a scalar tracer, c, in a turbulent canopy flow can be written as
using a first order turbulence closure with K c the eddy viscosity or turbulent diffusivity for scalars. S is the source / sink term for the scalar tracer. Here molecular diffusion is neglected. In a homogeneous, steady flow then the source / sink term is exactly balanced by the divergence of the vertical scalar flux term and so
Following other recent theoretical and modelling studies (e.g. Finnigan and Belcher, 2004; Ross and Vosper, 2005) , consider two-dimensional flow over a series of sinusoidal ridges covered by a uniform canopy. The flow can be considered as a mean horizontal flow U(z) plus a perturbation (u(x, z), w(x, z) ). Finnigan and Belcher (2004) give an analytical solution for this perturbed flow within and above the canopy. Similarly the scalar concentration may be considered as a mean value, C(z) plus a perturbation, c(x, z). All perturbations are assumed small, allowing the transport equation to be linearised.
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For the homogeneous, flat ground case then from Finnigan and Belcher (2004) we get
and
where l m is the mixing length, which is constant within the canopy and scales with height above, u * is the friction velocity and U h is the velocity at canopy top. The displacement height d and the roughness length z 0 are determined from β and l.
Substituting this into the equation (3) and integrating gives
for some constant c 1 , where Sh ≡ u * c * , assuming that ∂C/∂z = 0 at z = −h. (2004) we may take the analytical solution for the perturbed velocity and eddy viscosity. This solution is valid when H/L 1, βh/l 1 and kL c exp(βh/l) 1. Assuming perturbations in the scalar are also small, we may linearise about the perturbations in both the scalar and velocity fields to give
From Finnigan and Belcher
The linearised eddy viscosity terms can be written in terms of the velocity field (see Finnigan and Belcher, 2004) as
In the upper canopy and just above the canopy horizontal derivatives scale on the horizontal length scale L while vertical derivatives scale on the mixing length, l. Using this we see that the first term on the right hand side of (8) is small (O(l 2 /L 2 )) compared to the second term. Similarly, the first and second terms on the left hand side are small (O(l/L)) compared to the second and third terms respectively on the right hand side, and so may be neglected. This also makes use of the continuity equation
This leaves a balance between the two components of the vertical turbulent transport perturbation term on the right hand side. Equating these two terms and integrating gives
and so
for some function c 0 (x). Taking the expression for u from Finnigan and Belcher (2004) and assuming that the contribution, c 0 (x) from the deep canopy is small, or at least scales in the same way, gives Using this scaling the magnitude of the tracer advection term can be derived as
near canopy top. This allows direct estimation of the importance of advection compared to the canopy source term, S.
Tracer concentrations and fluxes over complex terrain
A large number of simulations with a constant tracer release were carried out over a range of different parameter values. These are summarised in table 1. In particular simulations corresponding to the narrow and wide hill examples discussed in Ross and Vosper (2005) were performed. The tracer profiles for these simulations are
shown below. 
z / h
Relative concentration 
βh/l 1. 39 -8.33 corresponds to the small hill width case described in Ross and Vosper (2005) where vertical advection at canopy top is important. Increasing the slope leads to greater vertical velocities into and out of the canopy and so increases the tracer transport by the mean flow. This gives significantly lower average concentrations of tracer within the canopy compared to the flat ground case, and slightly higher concentrations above. Overall these simulations demonstrate reductions in mean scalar concentration deep within the canopy (for a canopy source of tracer) resulting from more efficient transport between the canopy and the boundary layer above for steep and / or narrower hills and for deeper / denser canopies. For the cases with the deepest canopy there can actually be an increase in mean scalar concentration near canopy top. These features can be attributed to an increase in the average vertical transport by the mean flow between the canopy and the boundary layer above and is entirely in according with expectations based on the analytical work of Finnigan and Belcher (2004) and numerical simulations of Ross and Vosper (2005) . For the case of a tracer sink within the canopy (as is the case for CO 2 ) then the signs of the changes would be expected to be reversed so higher concentrations would be observed deep within the canopy. A more quantitative analysis of this across all the simulations supports this broad picture. Scaling analysis using the solution of Finnigan and Belcher (2004) gives the ratio of vertical advection to the pressure gradient term in the upper canopy as
(equation 36 in Finnigan and Belcher, 2004) . The relationship between the location of the maximum scalar concentration in the canopy and the role of vertical advection can be quantified through the non-dimensional parameter which is required to be small in order that the vertical velocity at canopy top is negligible in the analytical model (Finnigan and Belcher, 2004; Ross and Vosper, 2005) . The details of which separation point exhibits the maximum tracer concentration are sensitive to small differences in the induced flow which lead to small differences in the turbulent kinetic energy and calculated eddy viscosity. The concentrations are therefore also likely to be sensitive to the details of the turbulence scheme. This is perhaps not surprising, but does mean that conclusions on the tracer concentrations in the deep canopy should be treated with some caution.
There are only a couple of simulations where the canopy is so shallow and sparse that no separation occurs at all. In these cases the maximum concentrations are observed near the foot of the hill similar to that observed in figure 2 horizontal variations are closely linked to flow separation and recirculation within the canopy and therefore scaling parameters which quantify these dynamic effects are also useful in explaining different regimes of behaviour in tracer concentrations.
A simple scaling argument based on the analytical solution for flow over a forested hill successfully collapses the observed tracer perturbations and also the tracer advection terms at canopy top over a wide range of simulations.
5 Large-eddy simulations
Large eddy simulations over a small hill
Simulations with the one-and-a-half order closure scheme are useful because the scheme is simple and therefore the simulations are quick to run. This allows a wide range of parameter space to be investigated. Given the uncertainties over mixing length closure schemes, and in particularly the sensitivity of tracer concentrations deep in the canopy to the turbulence scheme, then some form of validation of the results is however desirable. One way to address this is through the use of large eddy simulations. Such simulations are significantly more computationally expensive and therefore a limited number of simulations are possible, however they can help to validate conclusions drawn from the simpler one-and-a-half order closure scheme results.
Large eddy simulations of flow over both a flat surface and a small hill (H = 10 m, L = 100 m) are presented. The model setup is described in section 2.1 and is identical to that used in Ross (2008) with the addition of a passive tracer. Ross (2008) demonstrated that although some of the details of the flow, including the turbulence, were different between LES and mixing-length simulations, the mean flow and broad dynamic features were in good agreement. This is primarily because the flow is dominated by turbulence generated in the shear layer at canopy top and this is well represented in the mixing-length scheme. Figure 6 shows profiles of the scalar concentration across the hill. Results from the large-eddy simulations over the hill (solid black line) are compared with results from simulations using the one-and-a-half order closure scheme over the same hill and from the LES model over flat ground. The canopy, hill and flow parameters are the same in both the LES and one-and-a-half order closure simulations. The one-and-a-half order results are presented for two different values of the empirical parameter β. The value β = 0.30 corresponds to the value assumed in Finnigan and Belcher (2004) and Ross and Vosper (2005) , while the value β = 0.35 was shown by Ross (2008) to better match the large-eddy simulation results in terms of the surface pressure field and wind speed and shear stress profiles. Here we see that all three simulations over the hill give very similar results in terms of scalar concentration profiles, suggesting that the scalar transport is not too sensitive to details of the turbulence scheme in this case. The results show small, but significant, differences from the results over flat ground. These differences are most noticeable over the upwind slope where mean-flow transport leads to lower concentrations deep in the canopy over the upwind slope compared to the flat case. Over the lee slope the concentrations in the recirculation region are slightly increased compared to the flat case, but the differences are smaller than over the upwind slope. Differences in the tracer profiles over the hill appear principally in the separation region over the lee slope. Again the value of β = 0.35 better reproduces the LES results, particularly near canopy top over the lee slope. Note that both values of β lie within the range of observed values from real forest canopies. These results are qualitatively similar to those observed using the one-and-a-half order closure scheme in section 2. A closer examination of the tracer concentrations shows that the region of high tracer concentration over the lee slope has a lower maximum and is more spread out in the LES simulation compared to the mixing length closure scheme. This is entirely consistent with figure 5(b) of Ross (2008) which showed that the LES predicted higher values for the turbulent kinetic energy in this region, and hence would be expected to exhibit more turbulent 31 mixing. This probably reflects the fact that although there is little mean flow in the deep canopy there is significant variability in the flow and in the tracer concentrations resulting from the flow in the upper canopy and above penetrating down.
The turbulent Schmidt number
The first-order mixing length closure scheme assumes that the Reynolds shear stress, τ i j = −ρu i u j , and Reynolds-averaged turbulent tracer mixing term, u i c are given by
In the first order turbulence scheme K m is determined using a mixing length closure.
Ross (2008) To calculate K m and K c from the LES data the vertical components are taken so
In the boundary layer the Schmidt number is generally close to 1, however observations in forest canopies show that the Schmidt number decreases to about 0.5 in the reduced surface layer (RSL) which extends up to a few canopy heights above canopy top . This is also observed in the LES simulations over flat terrain (see figure 7) . Within the canopy the LES then demonstrates a sharp increase in the Schmidt number up to a maximum of about 2 at a height of 5m above the ground, before it then decreases again towards the surface. Variations in the Schmidt number within the canopy are perhaps unsurprising as mixing-length closure schemes are known not to perform particularly well there (see e.g. Ross, 2008) . over the hill, but by similar amounts. This is due to increases in both the horizontally averaged momentum and scalar fluxes. This is perhaps slightly surprising and may be due in part to starting the LES averaging before the simulation has settled to a statistically stationary state. What is surprising is that despite these differences the What these large-eddy simulation results show is that the relationship between K m and K c is not simple within and above forest canopies. This particular small hill, where vertical advection is significant, is likely to be an extreme case, however this 35 variability in the Schmidt number potentially makes modelling of tracer transport using mixing length closure schemes difficult. It would be possible to devise a scheme where Sc scaled with height to match results over flat ground, as done in Harman and Finnigan (2008) , however these results suggest that even this approach might not be sufficient over hills. Having said all this it is then perhaps surprising that the tracer profiles from the one-and-a-half order model agree so well with those from the LES in figure 1. Perhaps this suggests that tracer advection is actually dominating in these cases and so errors in turbulent tracer fluxes are less important. This does seem to agree with the conclusions of the scaling analysis in section 3 that the leading order perturbation in the turbulent fluxes is zero. This is clearly a topic for further research in terms of modelling scalar transport within and above forest canopies over complex terrain. In particular it would be interesting to run large eddy simulations for much wider hills where advection is smaller and hence turbulent transport is more important, however computational requirements preclude this with the current version of the model described here.
Implications for flux measurements
Observations of carbon uptake by forests are frequently made using eddy-covariance flux measurements on a large tower (e.g. the FLUXNET project Baldocchi et al., 2001 ) and assuming that this is representative of a forest. Many forested sites are not truly flat though and so the assumptions of horizontal homogeneity are not exactly met. The potential impact of advection on the flux measurements has to be considered. Night-time drainage flows on even gentle slopes are an often-cited source of errors in flux measurements (e.g. Wilson et al., 2002; Belcher et al., 2008) , however this work shows that even under neutral, strong wind conditions advection may be non-negligible. There is evidence of this from the FLUXNET sites. The study of Wilson et al. (2002) demonstrated an average imbalance of around 20% in the energy balance, even in daytime conditions. The imbalance was observed even for wellmixed conditions (i.e. more neutral flow with stronger winds), although it increased for lower wind speeds and was much larger in nocturnal conditions. The advective effects demonstrated by this work, even for large hills with relatively small slopes, are certainly consistent with these observations. Figure 9 shows the turbulent scalar flux top. The increased height above the canopy smooths out some of the canopy-induced variability. For the smallest hill there is still a difference of up to a factor of two compared to the flat-ground case.
A further consideration when interpreting flux measurements is that the flow into and out of the canopy means that streamlines are not parallel to the terrain or to canopy top, and therefore techniques which rotate sonic anemometer measurements into a mean flow coordinate system or use a planar fit to the flow data as a coordinate system (see e.g. Lee et al., 2004) may not give the expected results. In particular, the lack of symmetry to a reversal of wind direction means that even for an ideal symmetrical hill and ideal conditions the averaged wind data will not lie in a plane.
For large-scale hills the effect will be relatively small, but for smaller scale hills it could be significant.
Modelling studies such as these are not yet practical for correcting or scaling observational flux measurements for the effects of terrain, however they do provide important indications of the type and magnitude of errors that may be introduced through neglecting such effects. They may also provide guidance into the most suitable locations for making flux measurements which are truly representative of a larger area.
Conclusion
This paper provides a systematic investigation of the impact of hills on scalar concentration and transport within and above a forest canopy. With a fixed uniform source of scalar within the canopy the dynamics of the canopy -boundary layer interactions (previously studied by e.g Finnigan and Belcher, 2004; Ross and Vosper, 2005) dominate. Over hills the pressure field resulting from the presence of the hill drives flow into and out of the canopy and this dynamical process acts like a pump to remove scalars more efficiently from the canopy space. This reduces the mean concentration of scalar within the canopy for a fixed source term. This effect is particularly strong for small-scale hills where the canopy-atmosphere mean flow is largest. Although the overall effect is to reduce mean scalar concentrations in the canopy, there is a large spatial variability in concentrations in the canopy, with the maximum concentrations at a given canopy depth often exceeding those over flat ground. This is closely linked to flow separation in the lee of the hill trapping scalars in the canopy. In cases where there is moderately strong vertical advection at canopy top then the maximum concentrations occur near the separation point. Low wind speeds and shear in this region result in weak turbulent transport and long canopy residence times for the air, which both contribute to higher scalar concentrations. While these broad features 39 are relatively robust it is likely that the details of tracer concentrations in the canopy will be sensitive to the turbulence closure scheme. Canopy top tracer variations can be successfully predicted using a simple scaling argument which neglects the deep canopy. This works well for relatively wide hills and suggests that in these cases first order closure schemes may be more successful than anticipated in predicting tracer concentrations. Similar results for time-averaged scalar concentrations are seen for a large-eddy simulation of flow over a small hill based on the simulations in Ross (2008) . The LES does highlight the unsteady and intermittent nature of the flow in the canopy. Calculations of the Schmidt number in the LES also suggest that the common assumption that momentum and scalars are transported in the same way is not valid within and just above the canopies, with significant variations in the Schmidt number in the vertical and across the hill. In principle at least some of this variability could be represented with a parametrisation of the Schmidt number in the canopy, but whether this is the most significant source of uncertainty in mixing length closure models for canopy flows remains to be studied.
